In this paper we present the results of spin-orbit relativistic ab initio model potential embedded cluster calculations on (PaCl 6 ) 2Ϫ embedded in a reliable representation of the Cs 2 ZrCl 6 host. Totally symmetric local distortions and vibrational frequencies are calculated for all the states of the 5 f 1 and 6d 1 manifolds, as well as the corresponding 5 f ↔6d transition energies and the shape of the 5 f (⌫ 8u )←6d(⌫ 8g ) fluorescence band. An excellent overall agreement with available experimental data is observed which allows us to conclude that the quality of the spin-orbit operators used is very high for actinide elements, as was already known for transition metal and lanthanide elements. Furthermore, it is concluded that the structural and spectroscopic information produced here is very reliable and that the 6d(⌫ 8g Ј ) state is around 10 000 cm Ϫ1 higher in energy than it was thought; our calculations suggest a value of 30 000 cm Ϫ1 for the 10Dq parameter of Pa 4ϩ in Cs 2 ZrCl 6 , which would be compatible with the lower limit of 20 000 cm Ϫ1 accepted for Ce 3ϩ in Cs 2 NaYCl 6 .
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I. INTRODUCTION
5 f →6d absorption and 6d→5 f emission transitions have been observed in actinide ion impurities in ionic crystals. [1] [2] [3] [4] Contrary to the case of 5 f →5 f transitions, they are often not well understood. 3, 4 In effect, the 5 f →5 f transitions are identified with the help of the crystal field theory ͑CFT͒. In these systems the number of CFT parameters is very large, usually above 20, and they cannot be fitted to the experimental data without experiencing numerical problems. However, this shortcoming is often by-passed by fixing many of these parameters to reasonable values. 3 Trying to follow the same procedure for the 5 f →6d transitions is usually impossible, due to the much larger number of CFT parameters. In consequence, the 5 f →6d transitions are often unassigned. The contribution of ab initio calculations in this task can be of great help, provided that they include all the relevant effects: scalar and spin-orbit relativistic effects, electron correlation effects, and embedding effects. Recent ab initio calculations on the 5 f manifold and on some charge transfer states of actinyl ions have been shown to be instrumental in the understanding of their electronic structure and spectra in solid state and in solution. [5] [6] [7] [8] Exceptionally, the 5 f →6d transitions in Pa 4ϩ impurities can be assigned because the open-shell configurations in the relevant states are 5 f 1 and 6d 1 , leading to simple CFT matrices lacking 5 f -5 f , 6d -6d, and 5 f -6d electron repulsion parameters. 9 This fact makes the Pa 4ϩ impurity especially interesting from the theoretical point of view because it provides a perfect case for the validation of the theoretical methods that can be applied later to impurities with a more complex electronic structure. The 5 f →6d absorption spectrum and the 6d→5 f emission spectrum of Pa Among the theoretical methods able to calculate the structure and spectroscopy of actinide impurities in ionic crystals, the ab initio model potential method ͑AIMP͒ [10] [11] [12] has been shown to properly represent embedding effects in ionic hosts, 11, 12 on the one hand, and scalar and spin-orbit relativistic effects in main group elements and transition elements such as Ni 2ϩ -doped MgO, 13 Ir ϩ and Pt, 14, 15 on the other hand. Recently, the relativistic core ab initio model potentials of the lanthanide and actinide elements based on Cowan-Griffin-Wood-Boring 16, 17 atomic calculations have been published and their good performance in scalar relativistic effects has been pointed out. 18 Whereas the quality of the spin-orbit operators is good for the lanthanides, 19 it has not yet been tested for the actinide elements.
In this paper, we present the results of AIMP theoretical calculations on the local structure of Pa 4ϩ impurities in the Cs 2 ZrCl 6 host, in its ground-and low excited states with main character 5 f 1 and 6d 1 , and the corresponding absorption and emission transitions. Our goal is twofold: First, we want to test the performance of the AIMP method in the calculation of actinide 5 f and 6d spin-orbit coupling splittings. Nowadays, these cannot be tested in atomic calculations because of the lack of experimental data in free actinide atoms and ions. The test in actinide ion impurities in ionic hosts demands a reliable representation of bonding and embedding effects, which could otherwise contaminate the results and make the analysis difficult. Second, we intend to In Sec. II we present the details of the calculations and we discuss the results in Sec. III. The conclusions appear in Sec. IV. 12, 21 Furthermore, the simultaneous inclusion of electron correlation effects and spin-orbit coupling is compulsory in this sytem but it is very demanding: We have used the two-step procedure based on the spin-free-state-shifted Hamiltonian ͑sfss͒ 12, 13 in order to approximately decouple electron correlation and spin-orbit coupling effects and, so, largely simplify the calculations. All the details of the (PaCl 6 ) 2Ϫ cluster are reported in Sec. II B. Finally, the embedding effects due to interaction of this cluster with the rest of the Cs 2 ZrCl 6 host crystal have been included by means of the AIMP embedding technique; 11, 12 the details are reported in Sec. II A. The calculations have been performed with the MOLCAS-5 package 22 and with a modified version of the COLUMBUS package.
II. METHOD AND DETAILS OF THE CALCULATIONS

23
A. Embedding potential
The embedding potential that represents the effects of the Cs 2 ZrCl 6 host on the (PaCl 6 ) 2Ϫ defect cluster was obtained as described in Refs. 11 and 12. It is a one-electron effective potential that is added to the Hamiltonian of the otherwise isolated (PaCl 6 ) 2Ϫ cluster. It results from the addition of total-ion ab initio model potentials (V AIMP ) for all the ions in the crystalline lattice (:Cs ϩ , Zr 4ϩ , and Cl Ϫ ),
Each total-ion potential is made of ͑1͒ a long-range Coulomb potential, which is a point-charge potential, so that ͚ V lrϪCoul is the Madelung potential created by the host lattice within the cluster volume, ͑2͒ a short-range Coulomb potential, which corrects the latter taking into account the spatial distribution of the electron charge density of the ions; ͑3͒ an exchange term, which stems from the fact that the generalized antisymmetric product of the cluster and the external ion wave functions fulfill the first-principles requirement of antisymmetry with respect to interchange of electrons between cluster and host, and ͑4͒ a total-ion projection term, which prevents the cluster wave function from becoming linearly dependent with the host wave function; 24 this term actually prevents variational collapse of the cluster wave function on the host ions. The total-ion potentials were obtained in a self-consistent embedded-ions Hartree-Fock calculation 12 on a Cs 2 ZrCl 6 (O h 5 -F m3m ) lattice with a ϭ10.407 Å, x Cl ϭ0.235. 25 The actual AIMP representation of the Cs 2 ZrCl 6 host used in the embedded (PaCl 6 ) 2Ϫ calculations corresponds to a summation in Eq. ͑1͒ made of 420 ions, which surround the (PaCl 6 ) 2Ϫ cluster and are located at experimental sites within a cube of length 20.814 Å, represented by total-ion potentials, plus 2394 other ions around this cube which are represented by point charges; fractional charges were used for those in the edges so that the whole set of ions was neutral and the convergence of the Madelung potential faster. -based core AIMPs were used for both Pa ͓͑Xe, 4 f , 5d͔ core͒ 18 and Cl ͓͑Ne͔ core͒. 27 For Pa, we observed that whereas the 5 f orbitals of neutral Pa 5 Ϫ1 with the new d basis set and, in consequence, we used it in the present calculations. The s, p, and f blocks of the basis set were left unchanged. The resulting (14s10p11d9 f ) primitive Gaussian valence basis set was contracted as ͓6s5 p5d4 f ͔. For Cl, a valence basis set (7s7p) contracted as ͓3s4 p͔ was used which resulted from the minimal (7s6p) basis set of Ref. 27 upon spin-orbit correction, 29 and splitting.
C. Calculations on Cs 2 ZrCl 6 :"PaCl 6 …
2À
We performed relativistic calculations using the spinfree and the spin-orbit Hamiltonians in (PaCl 6 ) 2Ϫ embedded in the AIMP representation of the Cs 2 ZrCl 6 host described above. We optimized the Pa-Cl distance of the (PaCl 6 ) 2Ϫ unit under O h symmetry, R e , in all the states of main configuration 5 f 1 and 6d 1 , and we calculated the breathing mode vibrational frequencies, a 1g . From the energy curves, we calculated the minimum to minimum transition energy, T e , that can be directly compared with the experimental zero-phonon or 0-0 transition energies because the vibrational frequencies of all the states are very similar.
We performed calculations without electron correlation effects. First, spin-free relativistic SCF calculations minimizing the average energy of the 5 f 1 states and the 6d 1 states, respectively, produced ͑occupied and virtual͒ molecular orbitals that were used in spin-free and spin-orbit configuration interaction ͑CI͒ calculations using a CI space made of the 5 f 1 and 6d 1 configurations plus all the single excitations to the virtual space. The results are presented in Table I under the labels SCF ͑spin-free Hamiltonian͒ and CI͑S͒ ͑spin-orbit Hamiltonian͒.
We included the electron correlation effects by means of ACPF calculations, 20 which are MRCI-SD calculations with an approximate size-consistency correction. First, we performed spin-free relativistic ACPF calculations correlating all 36 3p electrons of the Cl ligands and the unpaired electron mainly located on Pa 4ϩ . They have been loaded with the above SCF orbitals. The results are presented in Fig. 2 and Table I under the label ACPF-37. The equivalent calculations with the spin-orbit Hamiltonian are very demanding. As a simpler alternative, we used here the spin-free-state-shifted spin-orbit Hamiltonian ͑sfss͒, 12,13 which results from adding to the many-electron spin-orbit Hamiltonian the term
with 
In Eqs. ͑3͒ and ͑4͒ ͓E
͔ are the energy differences between the spin-free states iS⌫ included in Table I ( 2 T 2u , 2 T 1u , 2 T 2g , and 2 E g ) and the 2 A 2u ground state calculated at the ACPF-37 level, P is a small CI space defined by the reference 5 f 1 and 6d 1 configurations plus all the single excitations from the molecular orbitals of main character Pa-5 f , Pa-6d, and Cl-3p to the virtual space, and ͓E P (iS⌫)ϪE P ( 2 A 2u )͔ are the corresponding CI energy differences. The results are presented in Fig. 3 and Table I under the entry sfss-ACPF-37. This simple sfss Hamiltonian has been shown to be very efficient to include electron correlation effects and spin-orbit coupling effects at a time in ab initio calculations when they can be largely decoupled, both in transition metal elements [13] [14] [15] and lanthanide elements.
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III. RESULTS
The results of the local structure of the Pa 4ϩ substitutional defect in its ground-and lowest excited states are summarized in Table I ; the potential energy surfaces are represented in Figs. 2 and 3 . The Pa-Cl distance is in all cases larger than the host Zr-Cl distance, 2.446 Å. Lattice relaxations beyond the first coordination shell have been shown to produce negligible effects on the local distortion of the first coordination shell in related materials, such as Cr 3ϩ -doped elpasolites Cs 2 NaYCl 6 and Cs 2 NaYBr 6 , 30 and are not expected to be important here, where the (ZrCl 6 ) 2Ϫ clusters are isolated. Direct measurements of these distances do not exist in this diluted material and the reliability of the theoretical results must lie on the quality of calculated distancedependent properties and on previous calculations on similar systems. Although this is the first AIMP embedded-cluster calculation on actinide impurities, the quality of the local structures around transition metal ion impurities in ionic hosts has already been shown a number of times. 12 According to our calculations, all the states of the 5 f 1 manifold have a very similar bond distance, as expected from the internal nature of the 5 f shell. The 6d
1 manifold, however, shows the typical behavior of d electron states in an O h environment: the crystal field stabilizes the 6d(t 2g ) 1 configuration of antibonding character with respect to the 6d(e g ) 1 one of antibonding character, and the bond distance is shorter in the first case than in the second. The full balance of electrostatic and covalent interactions already considered in our most simple SCF calculations on the (PaCl 6 ) 2Ϫ embedded cluster leads to slightly shorter bond distances in the 6d(t 2g ) 1 states than in the 5 f 1 states and significantly larger bond distance in the 6d(e g ) 1 state. The electron correlation effects due to the 36 3p electrons of the Cl ligands and the open-shell electron of Pa 4ϩ slightly lower, quite uniformly, all the bond distances while maintaining the qualitative picture. Finally, the spin-orbit coupling effects are of minor importance in the bond distances and only give a final touch in the definite values. The quality of the bonddistance offsets will be discussed below.
The breathing mode vibrational frequencies a 1g are very slightly affected by spin-orbit coupling as well. The ligand correlation effects lowers them around 5%, except in the case of 6d 1 are presented in Table I and Fig. 4 . In order to help to understand the nature of the electronic states involved, an analysis of the spin-orbit wave functions at a given Pa-Cl distance in terms of those corresponding to a spin-free Hamiltonian are shown in Table II . Furthermore, we included in Fig. 4 the results of our calculations on the free Pa 4ϩ ion: these are relativistic spin-free SCF and spin-orbit CI͑S͒ calculations performed with the same Hamiltonian and basis set already mentioned; none of them includes electron correlation effects. A look at Fig. 4 allows one to see several effects: ͑i͒ the size of the spin-orbit coupling in free Pa 4ϩ and in Cs 2 ZrCl 6 -embedded Pa 4ϩ ͑both if correlation effects are absent and present͒; ͑ii͒ the change suffered by the 5 f →6d transition when the Pa 4ϩ ion is doped in the host ͑both if spin-orbit coupling is absent and present͒, which amounts to a reduction of around 9000 cm Ϫ1 if we compare the 2 F u → 2 D g free-ion transition with the energy difference between the centers of gravity of 2 E g and 2 T 2g on the one hand and 2 T 1u , 2 T 2u , and 2 A 2u on the other; and ͑iii͒ the additional effect of ligand correlation on the 5 f →6d transition, which is an overall reduction of the 6d 1 manifold with respect to the 5 f 1 one. The calculated values of T e are compared with experimental zero-phonon levels obtained from a very detailed analysis of the absorption and fluorescence spectra of Pa 4ϩ -doped Cs 2 ZrCl 6 , 1,2 which are also included in Fig. 4 . The differences in zero-point energies in the different electronic states are expected to be small enough to make such a comparison significant. It is clear that the largest effect of the ͑ligand͒ correlation included here is a lowering of the 6d states with respect to the 5 f states of around 6500 cm Ϫ1 , a direct consequence of the larger extension of the 6d orbitals. Its effect on the 5 f and 6d splittings is of minor importance. The results including correlation and spin-orbit effects show a very good agreement with the experiments in all the 5 f 1 manifold and in the 6d(⌫ 8g ) and 6d(⌫ 7g ) states linked to the 6d( 2 T 2g ) state of the spin-free Hamiltonian. This excellent agreement is the result of the method under use and, in particular, of a good quality of the ab initio spin-orbit operators that have been employed, which, in consequence, are validated for further use. One shoud expect this good quality of the 5 f and 6d Wood-Boring spin-orbit operators to stand for the rest of the actinide elements as well.
In contrast with the general good agreement between measurements and the present calculations, the disagreement in the 6d(⌫ 8g Ј ) state of 10 000 cm Ϫ1 is extremely large. This state is of almost pure 6d 1 -2 E g character and mainly results from the O h crystal field splitting of the 6d orbitals; accordingly, the crystal field theory ͑CFT͒ parameter 10Dq is essentially the energy difference between this state and the weighted average of the 6d(⌫ 8g ) and 6d(⌫ 7g ) of almost pure 6d 1 -2 T 2g character. The methods and the ingredients used in this work to calculate wave functions and energies of the (PaCl 6 ) 2Ϫ cluster, on one side, and to include the Cs 2 ZrCl 6 host embedding effects, on the other, have been used very succesfully in a large number of transition metal impurities 12 in ionic hosts where, in particular, the precision of the O h crystal field splittings, or 10Dq, was always better than 1000 cm
Ϫ1
, which stands as well for many other ligand field electronic transitions. Although it is true that these methods have never been applied to the calculation of 6d crystal field splittings, we can say that we do not find in our calculations any reason of any kind that could be considered responsible for such an unusually large deviation of 10 000 cm Ϫ1 . In consequence with these arguments, we think that the 6d(⌫ 8g Ј ) state of (PaCl 6 )
2Ϫ embedded in Cs 2 ZrCl 6 , which was first considered to be above 33 000 cm Ϫ1 in Ref. 1 and later observed at 40 000 cm Ϫ1 as a small peak preceding a small dip at approximately 42 000 cm Ϫ1 which is followed by a very wide absorption of the host ͓see Fig. 1͑b͒ :Cs 2 NaYCl 6 if the larger extension of the 6d orbitals would suggest a larger crystal field splitting, because the 10Dq of Pa 4ϩ : Cs 2 ZrCl 6 is larger than the 10Dq of Ce 3ϩ : Cs 2 NaYCl 6 . Let us finally comment on the bond-distance offsets of the 5 f and 6d states. We can check the quality of these by calculating the band shape of the absorptions and/or emissions. In effect, the band shape is essentially controlled by the a 1g breathing mode offset and vibrational frequency and, since the latter is of an excellent quality, a good reproduction of the band shape would validate the former. In order to calculate the band shape we used the semiclassical timedependent approach of Heller. 32, 33 According to this, the intensity profile of an electrononic emission band reads
where is the frequency of the emitted radiation, is the initial wave packet or vibrational wave function on the state origin of the emission, and (t) is its propagation in the final electronic state energy surface, which results from
If only the breathing mode is taken into account, a common value of the vibrational frequency a 1g is used for the initial and final electronic states, and a harmonic approximation is assumed, the ͉͗(t)͘ reduces to
where ⌬ a 1g is the dimensionless a 1g displacement,
⌬Q a 1g , with a 1g ϭm(Cl), and the breathing mode contribution to the distortion of the (PaCl 6 ) 2Ϫ unit given by ⌬R Pa-Cl (a 1g )ϭ⌬Q a 1g /ͱ6, E 0 is the difference between the minima of the upper and lower energy surfaces, and ⌫ is an ͑arbitrary͒ damping factor whose value determines the width of the vibrational lines. The result of doing this for the fluorescence band from the lowest 6d state, 6d(⌫ 8g ), to the lowest 5 f state, 5 f (⌫ 7u ), using a 1g ϭ310 cm
and ⌬R Pa-Cl (a 1g )ϭR e (⌫ 7u ) ϪR e (⌫ 8g )ϭ0.017 Å is presented in Fig. 5 , together with the heights of the peaks in the a 1g sequence as extracted from Fig. 2 in Ref. 1 ͑shifted in energy͒. The agreement is excellent and, in consequence, the bond-distance offsets in the 5 f and 6d states must be trusted. 
IV. CONCLUSIONS
We have performed ab initio calculations on the 5 f 1 and 6d 1 manifolds of the (PaCl 6 ) 2Ϫ cluster embedded in a reliable representation of the Cs 2 ZrCl 6 host, including embedding, electron correlation, and spin-free and spin-orbit relativistic effects. We used an AIMP embedding potential ͑for the first purpose͒ in valence ACPF calculations ͑for the second purpose͒, together with Cowan-Griffin-Wood-Boring spin-orbit relativistic AIMP core potentials ͑for the third purpose͒, in a simplified two-step procedure which decouples the treatment of correlation effects and spin-orbit coupling effects, while keeping the influence of the former on the latter.
We calculated the totally symmetric local distortions of the host induced by the Pa 4ϩ impurity, both in its groundand in its excited states, the breathing mode vibrational frequencies, and the 5 f ↔6d transition energies, as well as the shape of the fluorescence band from the lowest 6d state to the lowest 5 f state. The overall agreement with available experimental data is excellent and allows us to conclude, first, that the quality of the Wood-Boring AIMP spin-orbit operators used for Pa 4ϩ is very high ͑a conclusion that may be extended to other actinide elements and which, together with the previously known quality of the spin-free components of the AIMP core potentials, supports the application of the present method to ionic hosts doped with other actinide impurities with a more complex electronic structure͒ and second, that both the structural and the spectroscopic information produced here are very reliable. The 6d(⌫ 8g Ј ) state, of main character 6d(e g ), is not located 40 000 cm Ϫ1 above the ground state according to our calculations, but around 50 000 cm
Ϫ1
. The 10Dq parameter of Pa 4ϩ in Cs 2 ZrCl 6 is 30 000 cm
. This is larger than the lower limit of 20 000 cm Ϫ1 accepted for Ce 3ϩ in Cs 2 NaYCl 6 and it would solve the problem of incompatibilities between previous 10Dq data for Pa 4ϩ and Ce 3ϩ in chloride hosts.
